We study cosmological evolution after inflation in models with non-minimal derivative coupling to gravity. The background dynamics is solved and particle production associated with rapidly oscillating Hubble parameter is studied in detail. In addition, production of gravitons through the non-minimal derivative coupling with the inflaton is studied. We also find that the sound speed squared of the scalar perturbation oscillates between positive and negative values when the non-minimal derivative coupling dominates over the minimal kinetic term. This may lead to an instability of this model. We point out that the particle production rates are the same as those in the Einstein gravity with the minimal kinetic term, if we require the sound speed squared is positive definite.
Introduction
Inflation theories, now accepted as a successful way of explaining the isotropy and homogeneity as well as the density fluctuation of the universe, assume the existence of a scalar field, or inflaton, to trigger inflation. The coupling between the inflaton and gravity might in general be non-canonical, and among such theories there exists a class which introduces no extra degrees of freedom. This class of models has been investigated especially after the discovery of Higgs boson at LHC [1, 2] and after the results from Planck satellite [3] , in the context of having successful inflation with the standard model (SM) Higgs field. For example, it was proposed to couple the Higgs field non-minimally to the Ricci scalar R [4] [5] [6] , or to introduce a non-minimal derivative coupling between the Higgs field and the Einstein tensor G µν [7] . Moreover, it was pointed out that a modification of the Higgs kinetic term from the canonical one also leads to a successful inflation [8] . For general setups for inflation using non-minimal couplings without introducing additional degrees of freedom, see the studies of the generalized G-inflation [9] .
While inflation itself is a matter of great interest, the reheating phase is equally interesting not only because it necessarily follows the inflationary phase in order to produce SM particles, but also because it is expected to have rich phenomenology. To study the reheating phase, we must know the background evolution in the inflaton oscillation dominated universe and also how the inflaton couples to SM fields. In models with extended gravity, these aspects are often non-trivial compared with the standard inflation models with Einstein gravity. Interestingly, it is sometimes possible to reheat the universe without introducing explicit interaction terms among the inflaton and SM fields, since the inflaton necessarily couples to SM sector gravitationally at the tree level [10] [11] [12] .
In this paper, we study the reheating in the model with non-minimal derivative coupling: L ∼ G µν ∂ µ φ∂ ν φ. We do not necessarily assume that φ is the SM Higgs field. The detailed analysis of inflaton oscillation dominated universe in this class of model was performed in Ref. [13] . There it was found that the Hubble parameter rapidly oscillates if the nonminimal kinetic term of the inflaton takes a dominant role. Thus it is expected that particle production of non-Weyl invariant light fields may be efficient. More interestingly, the inflaton has a large non-minimal coupling to graviton, which opens up a new possibility to produce significant amount of gravitons from the inflaton coherent oscillation. Actually we will find that gravitons may be resonantly produced after inflation. However, we will also point out that the sound speed squared of the scalar perturbation rapidly oscillates between positive and negative values in such a case and it may lead to an instability for the shortest wavelength mode of the scalar perturbation.
The organization of this paper is as follows. First we write down background equations of motion, and summarize different phases the universe undergoes in this model. In Sec. 3, we study the perturbation around the background and find that the sound speed squared of the scalar perturbation can be negative. In Sec. 4, we analyze particle production in this model, focusing on minimally-coupled scalars and gravitons. Sec. 5 is devoted to conclusion.
Background dynamics

Background equations
We consider the following action
where Φ is the amplitude of the φ oscillation. Note that the effective mass is an increasing function with time due to the suppression factor M/H for H/M ≫ 1. Also note that m eff Φ remains constant for H/M ≫ 1 in the inflaton oscillation dominated era. We sometimes express √ λ as m φ for n = 2.
Evolution of the universe
The evolution of the universe for models with the non-minimal derivative coupling was investigated in detail in Ref. [13] . Here, we briefly summarize the discussion given there. We assume that the universe is dominated by the inflaton φ and neglect the damping of φ due to particle production in this subsection. First, consider the case where m eff ≪ H (Phase 0). In this case, inflation takes place due to the large Hubble friction term. We summarize the inflationary predictions of the models with non-minimal derivative coupling in App. A.
Next, consider the case where M ≪ H ≪ m eff (Phase 1). In this case, φ starts to oscillate while the kinetic term is dominated by the non-minimal one. In analyzing this phase, we note that the energy density of φ oscillates violently with time. To see this, one may refer to Eq. (2.10), which is given after substituting the explicit forms of ρ φ and p φ as
The second term is O(Hρ φ ), and no oscillating feature is caused by this term. On the other hand, the third term is O(m eff ρ φ ), and hence ρ φ oscillates with the frequency of ∼ m eff due to this term. Note that it means that the Hubble parameter also violently oscillates with time when φ dominates the universe. Because of this oscillating feature, ρ φ does not suit for the evaluation of the evolution of the universe in this regime. Instead, it is shown in Ref. [13] that the following quantity J is an adiabatic invariant:
We prove the adiabaticity of J in App. B. We can see from this equation that the oscillation of the Hubble parameter and that ofφ 2 correlate with each other. In Ref. [13] , J is extensively used to calculate the expansion law of the universe in this regime. The expansion law in this regime was derived as 16) where the parenthesis denotes the time average. We further recall the important feature in Phase 1 here. Notice that the Friedmann equation (2.4) implies that
is always kept in Phase 1 when φ dominates the universe. This is because the amplitude Φ decreases while the effective mass m eff increases with time, and hence m eff Φ is almost constant during Phase 1. This feature will become important when we discuss particle production in Sec. 4. Finally, consider the case where H ≪ M (Phase 2). In this case, the kinetic term of φ is dominated by the minimal one, and the evolution of the universe approaches to the ordinary case of the minimal oscillating scalar with Einstein gravity. The expansion law in this case is given by
#1 Throughout this paper we call a quantity I an adiabatic invariant if I satisfiesİ ∼ O(HI). #2 In fact, for M (M/m eff ) 1/3 ≪ H ≪ M , the term proportional toφ is still dominated by the term ∼Ḣ/M 2 in Eq. (2.9). However, this term does not act as friction because it is not positive definite, and the expansion law soon becomes the ordinary one described by Eq. (2.18) after a few Hubble time after entering the phase 2.
Whether Phase 1 exists or not depends on the model parameters. In order to discuss each situation separately, we consider the following two cases:
• Case A : Phase 1 does not exist. This corresponds to the case where H < M and m eff < M are always satisfied after inflation. It requires
(see Eq. (A.9)). Then, the cosmic evolution is the same as that of the minimal scalar field with Einstein gravity. Note that we always haveḢ ∼ H 2 in this case.
• Case B : Phase 1 exists. In this case, the inequality (2.19) is inverted. Then, as we discussed just above, the universe undergoes the following phases if we neglect particle production:
-Phase 0 : Inflation takes place for
(2.20)
Due to the non-minimal kinetic term, the slow-roll conditions are easier to be satisfied than usual. Note that this condition is also the same as M P ≪ HΦ/M.
-Phase 1 : φ starts to oscillate while the kinetic term is dominated by the nonminimal one for
In this regime, the energy density ρ φ violently oscillates with time. When φ dominates the universe, this means that the Hubble parameter also violently oscillates with time. Notice that m eff is an increasing function with time in this regime.
-Phase 2 : The kinetic term of φ in Eq. (2.4) is dominated by the standard one for
In this regime, the evolution of the universe is the same as the ordinary case of the minimal oscillating scalar with Einstein gravity.
Note that the Hubble parameter can have a large oscillating part in this case. In fact, the behavior ofḢ can be classified into the following three regimes:
The reason why we consider these two cases will become clear in the next section. In the rest of the paper, we focus on the oscillation regime (Phases 1-2 for Case B) unless otherwise stated.
Perturbation
Scalar perturbation
In this subsection we derive the quadratic action for the scalar perturbation when the inflaton φ dominates the universe. The calculation is basically the same as those done in Refs. [7, 9, 14] , although they mainly focused on the inflationary regime. We must first solve the mixing between the scalar part of the metric and the inflaton. We use the Arnowitt-Deser-Misner (ADM) formalism, in which the metric is taken as
where N is the lapse function, β i is the shift vector and γ ij is the 3-dimensional spatial metric. We take the unitary gauge φ(t, x) = φ(t) in the calculation. Then, the action is given by
In the ADM formalism, the Ricci scalar and the (00)-component of the Einstein tensor are decomposed as
3)
where E ij is related to the extrinsic curvature K ij as
the superscript "(3)" denotes covariant quantities with respect to the spatial metric γ ij and γ ij is used to take the summation with respect to the space indices i, j, .... Moreover, n µ is the unit normal vector of the time-like hyper-surface, whose components are given by
Thus, we rewrite the action as
Note that the action does not include time derivatives of the lapse function and the shift vector. Therefore the derivatives of the action with respect to them yield constraint equations, which can be used to relate N and β i to the other scalar perturbations. The constraint equation for N is
and that for β i is
Now, we expand the metric as
where we have fixed the remaining one scalar degree of freedom by the gauge transformation.
To zeroth order in perturbations, Eq. (3.8) is nothing but the Friedmann equation Eq. (2.4).
To first order, we obtain the following relations among α, ψ and ζ from Eqs. (3.8) and (3.9):
where
See Eq. (2.6) for the definition of ǫ. By substituting these relations to the original action and performing some integration by parts, we obtain the following quadratic action for ζ:
#3 Since the vector and tensor perturbations do not couple to the scalar perturbations in the lowest order, we neglect them here.
#4 Although we write down the solution for ψ here, ψ does not contribute to the quadratic action because it appears linearly in the quadratic action after integration by parts.
#5 At the end-points of the oscillation, this action may be ill-defined sinceφ = 0 at those points. However, the expression of the sound speed squared must be the same in other gauges, and hence the following discussion is not affected by this subtlety.
where c s is the sound speed, which is given by
14) • Case A : In this case, one always has H < M andḢ ∼ H 2 . Then we estimate the sound speed squared as
where we have usedφ
Therefore, the sound speed squared c 2 s is positive definite and no violently growing mode exists in the scalar perturbation.
• Case B : From Eq. (2.23), the sound speed squared in Phase 1 is given as
Even in Phase 2, the term proportional toḢ/M 2 dominates over the other terms for M(M/m eff ) 1/3 < H < M, and hence the sound speed squared is given as
Note that they are oscillating functions between positive and negative values in these regimes. This means that the sound speed squared becomes negative for some period during the oscillation. #6 Hence, the scalar perturbation grows violently and the theory has an instability. In particular, the shortest wavelength modes are more likely to be enhanced, and hence we may need some UV completion in order to discuss what really happens in this case. Such a discussion is beyond the scope of this paper. Thus we do not argue whether this is really problematic or not in this paper. #6 It is known that in some classes of the generalized Galileon theory the sound speed squared can be negative in the oscillation regime [15] .
In summary, an instability due to the negative sound speed squared exists in the scalar perturbation when the non-minimal derivative coupling dominates over the minimal kinetic term. If we require such an instability not to exist, the situation reduces to Case A where there is no Phase 1. This is why we consider both Cases A and B in this paper.
Tensor perturbation
Next, we consider the action for the graviton. We take the metric as 19) where h ij is the transverse and traceless (∂ i h ij = h ii = 0) part of the metric and e h is the matrix exponential of h. The relevant terms in the action are
Since the Ricci scalar and the Einstein tensor are expanded as
up to second order in gravitons, we get the following action:
where we keep only quadratic terms in gravitons. Note that due to the non-minimal derivative coupling, the graviton is non-minimally coupled to the oscillating scalar field. In particular, the sound speed of the graviton is superluminal. However, due to Eq. (2.6), the graviton does not have the ghost-instability and the gradient-instability.
Particle production
In the present models, in particular in Case B, the Hubble parameter has a large oscillating part. In Ref. [12] , it is shown that the oscillation of the Hubble parameter causes production of scalar particles and the graviton. This is because all particles are coupled to the scale factor if they are not Weyl-invariant. Thus, in this section, we investigate particle production due to the oscillation of the Hubble parameter. Moreover, the non-minimal derivative coupling introduces a direct coupling between the inflaton φ and the graviton. We also consider the graviton production due to this direct coupling. We do not consider the production of fermions and vector bosons here because their couplings to the Hubble parameter vanish in the massless limit and hence are suppressed by small mass parameters. After summarizing general features on particle production, we discuss production of scalar particles and the graviton for both Cases A and B. We estimate the particle production rate assuming that the coherently oscillating inflaton φ(t) dominates the universe. However, as already mentioned, Case B has an instability associated with the negative sound speed squared which may invalidate this assumption. This fact should be kept in mind when considering the particle production for Case B.
General discussion on particle production
Before going to the discussion of the particle production in the present model, let us summarize basic properties of the particle production due to a coherently oscillating scalar field φ with the mass m eff . We call the produced (bosonic) particle as χ here. In general, when a field couples to the coherently oscillating scalar field, the mass of the field also oscillates because of that interaction. Due to the periodic dispersion relation, it is well known that the coupled field can be copiously produced [16] , whose behavior can be seen in the stability/instability chart, for instance, of Mathieu equation for the sine or cosine oscillation. However, in the following, we will not dig into technical details of the equation under the periodic background. Instead, we demonstrate that its typical behavior can be understood more intuitively.
We define a resonance parameter q as |∆m where φ c and χ c are the canonically normalized fields, which may be different from the original φ and χ by an overall factor. #8 In addition, Φ c is the amplitude of φ c . From this interaction, we can easily estimate the perturbative decay rate of φ to χ as
Note that we have assumed q 1: for q 1, the "decay" of φ into χ particles is kinematically allowed, and hence the above estimation is justified. Otherwise, more elaborated treatment #7 For interactions of the type with even powers of φ, such as λφ 2 χ 2 , it may be better to view the process as an annihilation, i.e. L int ∼ (qm eff /Φ 2 c )φ 2 c χ 2 . The estimation below, however, remains intact after interpreting the energy of χ produced by the decay (annihilation) as m eff /2 (m eff ).
#8 In the case with the non-minimal derivative coupling, φ c ∼ Hφ/M for H/M ≫ 1, and φ c = φ for H/M ≪ 1.
of the particle production is needed [16] . In this paper, we will only encounter the situation with q 1. Up to here, our arguments do not depend on whether or not the resonance can take place. In the following, we focus on the narrow resonance regime (q 1), which originates from the induced emission of previously produced χ-particles. If the resonance occurs, it is well-known that there are resonance bands depending on the momentum k of χ [16] . In the resonance bands, the wave function of χ experiences exponential growth ∝ e µt due to the coherent oscillation of φ. The growth rate µ can also be related to q as follows. The time evolution of the number density of χ for t 1/(qm eff ) is given as
where n χ and n φ ≡ ρ φ /m eff are the number density of χ and φ, respectively. For the coherently oscillating scalar field φ, the number density is estimated as
where we assumed V ∼ m
If we define the momentum width of the resonance band as ∆k, the distribution function can be estimated as
Since the band width arises from the oscillation of the mass qm 2 eff , ∆k is estimated from k∆k ∼ qm 2 eff . Also, the momentum at the resonance band is given as k ∼ m eff . Note that the momentum width from the mass oscillation must dominate over that from the decay width of φ,
for the resonance to take place. #11 Collecting all these ingredients and Eq. (4.2) together, we can estimate the growth rate µ from Eq. (4.4) as
#9 At first, for f χ ≪ 1, the distribution function f χ has relatively broad width of ∆k/k ∼ 1/(m eff t) due to the uncertainty principle and f χ grows as ∝ t 2 , but the number density of χ follows the ordinary evolution equation [17] ,ṅ
After t 1/(qm eff ), the band width becomes ∆k ∼ qm eff . At the same time we have f χ ∼ 1, and after that, the induced emission becomes significant. Hence, we can use (4.4) for t 1/(qm eff ). #10 In our case, this assumption is justified both for H/M ≫ 1 and H/M ≪ 1. #11 We can prove this as follows. Assuming that φ completely decays into χ and Γ φ > qm eff , the maximum phase space density of χ is given by f
Thus we obtain f (max) χ 1, which means that the resonance does not happen for Γ φ > qm eff .
This implies that the number density of χ exponentially grows as n χ ∝ e µt . This is why we call q the resonance parameter from the first line. We would like to stress here again that technical details are not required to understand these properties.
In the expanding universe, in order for the resonance to occur, the wave function must be enhanced enough before their momenta redshift out from the resonance band. Typical timescale for the momentum within the band ∆k escapes from the band is ∆t H ∼ ∆k/(kH) ∼ q/H. Requiring that ∆t H is longer than the timescale of the resonant enhancement ∼ 1/µ, we obtain [16] 
It is noticeable that this condition ensures qm eff > Γ φ for q < 1 and Γ φ < H. Eqs. (4.2), (4.8) and (4.9) are extensively used in the discussion in this section.
Examples
Here we briefly see the validity of our formula presented above. We take the potential to be
Let us first consider the following coupling: L = µφχ 2 with canonically normalized scalar field φ and χ. For this coupling, we easily obtain q = µΦ/m 2 φ . From Eq. (4.2) the decay rate of φ is estimated to be Γ φ ≃ µ 2 /(8πm φ ), which is a well known result.
Next let us consider the following coupling,
where F (φ) is an arbitrary function of φ. In this case, by defining χ c = F (φ)χ, we obtain the following equation of motion of χ c ,
In terms of χ c , it seems that as if it obtains a mass term in the time-dependent background φ(t). Thus, for homogeneous φ field, we obtain q ≃F /(F m 
Production of scalar particle
As we have seen in Sec. 2, in particular in Case B, the Hubble parameter has a large oscillating part in the present model. In Ref. [12] , it is shown that φ can decay into other non-Weyl invariant particles through the oscillation of the Hubble parameter since φ is related to the Hubble parameter via the Friedmann equation. Thus, in this subsection we estimate the decay rate of φ to another scalar particle χ through the oscillation of the Hubble parameter. We take the mass of χ to be negligible here.
The action of χ field is given by
We take only the background part of the metric as
Then, as done around Eq. (4.11), we can deduce the resonance parameter q (χ) as
where we have used the fact thatḢ is always larger than or comparable to H 2 . Thus we estimate the decay rate as
Now let us consider Cases A and B separately. Note that q (χ) 2 m eff < H is always satisfied and hence parametric resonance does not occur for χ.
Case A
First let us consider Case A. In this case, we always have H < M and the canonically normalized amplitude is the same as the original one: Φ c = Φ, and H ∼ m eff Φ/M P . In this case, we have
This is the same as production rate in the pure Einstein gravity limit, as it should be. To conclude, for Case A, the scalar production rate after inflation is always the same as that of the pure Einstein gravity case with minimal kinetic term. Here, note that even in the pure Einstein gravity, the Hubble parameter has a small oscillating part which causes the particle production [12] .
Case B
Next let us consider Case B. In this case, at Phase 1 (H > M), the canonically normalized amplitude is given as Φ c = HΦ/M, and m
. At Phase 2 we have Φ c = Φ, and H ∼ m eff Φ/M P . Thus, by using Eq. (2.23), we obtain
(4.17)
Therefore it reduces to the pure Einstein gravity case with the minimal kinetic term for H < M 2 /m eff . Note again that we estimate the production rate assuming that the coherent oscillation of φ dominates the universe, although the instability of the scalar perturbation due to the negative sound speed squared may invalidate this assumption.
Production of graviton
Now let us focus on the graviton. Graviton production has two contributions: one is from the oscillation of the Hubble parameter, which results in the approximately same rate as those studied in the previous section, after reinterpreting χ as the graviton. The other contribution comes from the non-minimal derivative coupling term, in which the graviton and the inflaton directly couple with each other. Hereafter in this subsection we study the latter contribution.
As we saw in the previous section, the action for the graviton is given by Eq. (3.23). From now on, we neglect the scale factor a in the action. This is because the amount of the graviton production due to the scale factor is expected to be the same as that of the scalar particle production, which we have already studied in the previous subsection. Thus, we consider the following action:
where we have rescaled the graviton as M P h ij /2 → h ij . We further define another time
20)
(4.21)
Note that f 2 is positive definite (see Eq. (2.6)). By using this time coordinate, the action is rewritten as 1 is always satisfied. Note that, as already mentioned, the graviton production also occurs through the oscillation of the Hubble parameter in the same way as the minimally-coupled scalar field χ. This contribution to the resonance parameter q for the graviton is denoted by q
. Thus an effective resonance parameter is given by
Since we have already seen q (χ) < 1 in all cases, we also have q
1 in all cases. Then the decay rate of the inflaton into the graviton is given by
In the following, we consider the graviton production in Case A and B separately.
Case A
In this case, it is easily shown that
because H < M and m eff < M are always satisfied in this case. Therefore, in Case A, the graviton production rate in the inflaton oscillatory regime is always the same that in the pure Einstein gravity limit, as it should be
Note also that q (h) min 2 m eff < H is also satisfied, hence no parametric resonance happens.
#12 In this sense, the difference between t and t ′ can be neglected.
Case B
In Case B some non-trivial phenomena are likely to happen. In this case we have
(4.29)
In the following, we consider the graviton production in Phase 1 and 2 separately. First, let us consider Phase 1. In this case, the non-minimal kinetic term dominates over the usual one, and hence the canonically normalized scalar field is related to the original one as Φ c ∼ HΦ/M. Moreover, note that m
is always kept in Phase 1 when φ dominates the universe; recall the discussion given around Eq. (2.17). Therefore, the perturbative decay rate is given as
Note that this is an increasing function with time. More importantly, Eq. (2.17) means that
is always kept in Phase 1 unless the amplitude Φ is strongly damped due to the particle production. Therefore, the resonance condition (4.9) is satisfied in Phase 1, and hence the resonance is expected to be induced as long as φ(t) can be regarded as homogeneous background. In such a case, the perturbative decay picture is no longer useful, and a careful treatment is needed. It would lead to the exponential growth of the graviton with wavenumber around ∼ m eff . The production could be so efficient that universe may be dominated by gravitons, leading to the decrease of the inflaton amplitude Φ so that it saturates the resonance condition (4.9). These arguments are based on the assumption that φ(t) is regarded as homogeneous at least for the time scale of the growth of the graviton ∼ q (h) m eff −1 . However, this assumption might be violated due to the instability associated with the negative sound speed squared. We do not go into details of this case.
Next, let us consider Phase 2 with M 2 /m eff < H < M. In this case, the canonically normalized field φ c is identical to the original field φ. Therefore, the perturbative decay rate is given by
(4.32)
Note that q (h) is a rapidly decreasing function with time in Phase 2. Therefore, the resonance does not last long after entering Phase 2.
Here is a comment. We obtained q (h) ∝ Φ 4 and Γ φ→h ∝ Φ 6 (except for the Φ dependence of m eff ) although the coupling between φ and the graviton in the original action (3.23) is of the form of φ 2 h 2 , from which one may naively expect q (h) ∝ Φ 2 and Γ φ→h ∝ Φ 2 . This property may be understood in the language of the original action (3.23) as follows. First, we must note that the coupling in Eq. (3.23) is in the following form:
If we consider decay of φ particle at rest into two gravitons, the amplitude would be proportional to E 2 − | p| 2 where E and p are the energy and momentum of the produced gravitons, and we have used the 4-momentum conservation. For the usual on-shell gravitons, E 2 − | p| 2 would vanish since the graviton is massless. In the present case, however, the dispersion relation of the graviton is also modified due to the non-minimal derivative coupling, and hence we get
(4.34) Therefore, the decay width is expected to be proportional to Φ 6 . Again note that we simply neglect the effects of the instability here.
Finally, for H < M 2 /m eff , the graviton production rate becomes the same as the pure Einstein limit (4.28).
Conclusion
In this paper, we have investigated the particle production in the inflationary models with the non-minimal derivative coupling G µν ∂ µ φ∂ ν φ between the inflaton and the Einstein tensor, focusing especially on the inflaton oscillation regime. In this model, when the non-minimal part dominates the inflaton kinetic term (Phase 1), the Hubble parameter violently oscillates with time if the inflaton oscillation dominates the universe. The oscillation of the Hubble parameter causes particle production, and we have estimated the decay rate of the inflaton in that process. More importantly, the non-minimal derivative coupling introduces a direct coupling between the inflaton and the graviton. We have seen that, via the non-minimal derivative coupling, the resonant graviton production may occur due to the inflaton oscillation in Phase 1. As a result, the energy density of the inflaton may be efficiently transferred into that of the graviton, and the graviton may dominate the universe.
However, in Phase 1, the sound speed squared of the inflaton rapidly oscillates between positive and negative values. It may result in the strong instability for the shortest wavelength mode. It may or may not be phenomenologically problematic, but analysis in such a violent situation is beyond the scope of this paper. A conclusion is that if we simply avoid such an instability within this effective field theory, the particle production rates are the same as those in the models with Einstein gravity with minimal kinetic term as found in Ref. [12] . Also it should be noticed that inflation models with non-minimal derivative coupling taking dominant role such as the new Higgs inflation model [7] necessarily experience this instability after inflation.
Although we have assumed in this paper that the non-minimal coupling between the inflaton and the Einstein tensor takes the form L ∼ G µν ∂ µ φ∂ ν φ, the graviton production is expected to occur in more general G µν -type models (G 5 -terms in the context of the generalized G-inflation [9] ). This is because a direct coupling between the inflaton and graviton is introduced in these models, and hence the graviton is expected to be produced efficiently, as in the case of the present model. However, we should also be careful on the instability of perturbations in these models.
A Inflation with non-minimal derivative coupling
In this Appendix we briefly discuss slow-roll inflation when the non-minimal derivative part of the kinetic terms takes a dominant role. Since G 00 ≃ 3H 2 and G ij ≃ −3H 2 /a 2 during inflation, the Lagrangian of inflaton φ is given as
We can define canonically normalized field 2) and the Lagrangian is rewritten as
Note that this transformation is meaningful only in the slow-roll regime. After inflation, we cannot approximate as 3M
2 P H 2 ≃ V , hence such a transformation is not possible. This is the difference from the running kinetic inflation [8] .
#13 Precisely speaking, G 00 = −a 2 G ij and hence the sound speed of δφ is modified. But its effect is small as long as we are concerning physical quantities up to the first order in slow-roll parameters. According to the standard procedure, slow-roll parameters at the e-folding number N is calculated as
The slow-roll conditions ǫ V , |η V | ≪ 1 are equivalent to m eff ≪ H. We obtain the scalar spectral index and the tensor-to-scalar ratio as n s = 1 − 6ǫ V + 2η V = 1 − 2(n + 1) (n + 2)N , r = 16ǫ V = 8n (n + 2)N . (A.6)
These are inside the 2σ range of the Planck constraint for n ≤ 4 [3, 14, 18] . In order to fit the CMB normalization P ζ = 2.2 × 10 −9 observed by Planck [3] , we need
